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THE PREVALENCE OF DIABETES and impaired fasting glucose is reaching epidemic proportions in the United States and encompasses 35% of the adult population (12) . This comprises 26% that exhibits impaired fasting glucose levels (i.e., prediabetic) and 9% diabetic; of the latter population, 90 -95% suffers from type 2 diabetes (3). The increased incidence of cardiovascular disease is the single most important factor contributing to higher mortality rates associated with diabetes. Clinical and experimental data also suggest that, in addition to increased vascular disease, diabetes also leads to defects at the level of the myocardium, which may contribute to the increased incidence of heart failure observed in the diabetic population (46) . Thus the need for an animal model that closely resembles the cardiac dysfunction seen in human type 2 diabetes is of increasing importance.
Several murine and rodent models of diabetes currently exist, each with associated advantages and disadvantages. The experimental model most commonly used to study the effect of diabetes on cardiac function is the streptozotocin (STZ)-induced model, in which the glucosamine-nitrosourea compound STZ is administered at a relatively high dose in mice and rats to induce an insulin-deficient phenotype that is characterized by frank, hyperglycemia analogous to that of uncontrolled type 1 diabetes. Although this model can be useful for studies of the effects of acute hyperglycemia, the severity of hyperglycemia and subsequent multiple organ damage, dehydration, and emaciation are not typical of what is observed in even poorly controlled human type 1 diabetes, and the relevance of this model in the context of type 2 diabetes is questionable.
Several models of type 2 diabetes are commercially available and include the db/db mouse and Zucker diabetic fatty (ZDF; fa/fa), Goto Kakizaki (GK), and Otsuka Long Evans Tokushima fatty rats. The number of reports of the impact of diabetes on cardiac function in these models is growing; however, the obesity, insulin resistance, and diabetes seen in these inbred models are typically the result of gene mutations, such as the leptin receptor (OB-r), not commonly found in humans. In addition, a number of limitations are present in these models that are not related to diabetes per se. For example, female ZDF rats are obese but do not develop diabetes, and the progression to diabetes in db/db mice and ZDF rats is due to a failure to increase ␤-cell mass, whereas human type 2 diabetes results from increased islet amyloid formation (10) . Although hyperleptinemia is often associated with insulin resistance and diabetes, the systemic leptin receptor defect seen in db/db mice and fa/fa rats is not considered to be a typical characteristic of human type 2 diabetes. In addition, leptin has been implicated in myriad processes including angiogenesis, tumorigenesis, immunity, hyperinsulinemia, bone formation, blood pressure, and reproduction that are often dependent on a functioning leptin receptor (1) . Finally, we recently reported that in the widely used ZDF model of type 2 diabetes there was a significant incidence of hydronephrosis in both lean and obese homozygous ZDF rats (28) . Hydronephrosis is characterized by the dilation of the renal pelvis, compression of the papilla, and atrophy of the renal parenchyma (49) ; these features bear no relationship to diabetic nephropathy. We also found that there was a significant association between left ventricular (LV) end-systolic wall stress (LVES␦) and the presence of hydronephrosis (28) , which raises serious questions regarding the validity of the ZDF rat as a model for studying the cardiovascular, or indeed renal, consequence of diabetes.
It is apparent, therefore, that there is a need for not only a reproducible, cost-effective model of type 2 diabetes that recapitulates many characteristics of the disease progression in humans but for one that also includes indexes of cardiovascular dysfunction such as large artery stiffness (29, 52) and LV dysfunction (13) . A few studies have suggested that the combination of a high-fat (HF) diet with a relatively low dose of STZ may lead to type 2 diabetic phenotype (20, 26, 37, 44, 55) ; however, there is little consistency with regard to the type and duration of diets or the appropriate dose of STZ. The duration of diabetes was also relatively short in these studies, and there were no assessments of cardiovascular function. Therefore, the goal of this study was to evaluate the HF diet plus STZ model of diabetes as a model suitable for assessing the cardiovascular complications of type 2 diabetes. We compared two different diets, one that was primarily HF (60%) and one that more closely mimics the so-called Western (Wes) diet combining moderately HF with high carbohydrate (40% fat, 45% carbohydrate). Animals were treated with STZ after consuming the diets for 2 wk, and cardiovascular function was assessed 12 wk later. We found that the combination of a HF diet and moderate dose of STZ elicited a moderate diabetic phenotype with moderate hyperglycemia, diastolic, and systolic dysfunction and arterial stiffness similar to that typically observed in human type 2 diabetes, whereas consumption of a Wes diet resulted in severe hyperglycemia but a similar level of cardiac and arterial dysfunction to HF-fed animals. In addition, we also found that consumption of HF and Wes diets in diabetic animals resulted in a greater level of cardiac and endothelial dysfunction than that seen in animals that received a control diet, suggesting that the combination of hyperglycemia and dietary fat is more detrimental to endothelial and cardiovascular function than either intervention alone.
METHODS
Study protocol. This protocol was approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham. Four-week-old, male Sprague-Dawley rats (Charles River, Wilmington, MA) were housed two per cage, maintained on a 12-h:12-h light-dark cycle, and provided with food and tap water ad libitum. Animals were randomized to receive control (Con; 12% kcal fat/19% protein/69% carbohydrate; and 3.87 kcal/g), HF (60%/19%/ 21%; 5.2 kcal/g), or Wes (40%/15%/45%; 4.62 kcal/g) diets prepared and analyzed by TestDiet (Richmond, IN). Saturated fat content was higher in both HF (28% wt/wt lard) and Wes (10%) compared with Con (0.4%). The contribution of simple sugars to the carbohydrate was also different between diets with a higher level of sucrose in Wes (31% wt/wt) compared with HF (6%) and Con (17%). A detailed list of the macro-and micronutrient composition of the three diets can be found in the supplemental material with the online version of this article.
After 2 wk, animals were randomized to receive either vehicle (Veh; 0.1 mol/l citrate buffer, pH 4.5; Con ϩ Veh, n ϭ 10; HF ϩ Veh, n ϭ 9; and Wes ϩ Veh, n ϭ 9) or 2 ϫ 35 mg/kg ip STZ (Sigma, St. Louis, MO) injections given 24 h apart [Con ϩ diabetes (Dia), n ϭ 10; HF ϩ Dia, n ϭ 9; and Wes ϩ Dia, n ϭ 10]. The use of duplicate STZ injections was the result of preliminary work, which found that a single 35 mg/kg dose of STZ did not cause any change in blood glucose even up to 3 mo postinjection, whereas the administration of 45 and 55 mg/kg STZ produced severe hyperglycemia that was more indicative of uncontrolled type 1 diabetes (data not shown). Animals were then closely monitored for a further 12 wk until euthanization. There were four nonresponders to STZ in Con ϩ Dia and one each in HF ϩ Dia and Wes ϩ Dia groups. The remainder of the animals displayed a sustained increase in blood glucose; therefore, the sample sizes in these groups for all subsequent analyses have been reduced (Con ϩ Dia, n ϭ 6; HF ϩ Dia, n ϭ 8; and Wes ϩ Dia, n ϭ 9).
Blood/plasma analysis. Random whole blood samples were collected from the retro-orbital plexus under light isoflurane anesthesia early in the light cycle. Glucose and glycated hemoglobin (HbA1c) levels were measured in whole blood using the Accu-Chek Advantage (Roche Diagnostics, Basel, Switzerland) and DCA2000ϩ (Bayer Healthcare, Elkhart, IN) analyzers, respectively. Serum insulin levels were determined using a commercially available ultrasensitive ELISA kit (Mercodia, Winston-Salem, NC). Blood for the remaining analyses was collected at euthanization from the inferior vena cava. A standard biochemistry panel was analyzed in plasma using the VetScan Chemistry Analyzer (Abaxis, Union City, CA). Xanthine oxidase (XO) activity was assayed by a fluorometric method (7) using pterine as a substrate; the product, isoxanthopterin, was measured using a platebased spectrofluorometer (Fluostar Optima; BMG Labtech, Durham, NC) with excitation at 345 nm and emission at 390 nm. Allopurinol was used to confirm specificity of XO activity.
Insulin tolerance test. Insulin sensitivity was measured using an insulin tolerance test (ITT) in Veh-treated, nondiabetic rats. Rats were fasted overnight and then bled from the tail tip to obtain a baseline glucose level. Insulin (0.8 U/kg body wt in 0.9% saline ip) was administered, and blood samples were taken from the tail tip for glucose measurements at 15-min intervals for 120 min. The rate of glucose disappearance (kITT) was determined during the linear decay phase (0 to 60 min).
Hemodynamic and echocardiographic measurements. Rats were anesthetized with 2% isoflurane, and echocardiography was performed (Agilent Sonos 5500; Philips, Bothell, WA) as previously described (39) . Animals were then intubated and mechanically ventilated with 2% isoflurane in 100% oxygen. Heparin (100 Units) was administered through the right external jugular vein, and the right carotid artery was isolated. A 2F-combined conductance cathetermicromanometer (Millar, Houston, TX) was advanced retrogradely to the ascending aorta, where arterial pressure waveforms were collected before the catheter was advanced into the LV. Simultaneous pressure and volume measurements were collected at 1,000 Hz both at baseline and during reduced loading conditions caused by a transient (3-5 s) occlusion of the inferior vena cava at the level of the apex of the heart by a balloon catheter inserted into the right femoral vein. End-systolic and -diastolic volumes were calculated using the Bullet formula (14) with long-and short-axis dimensions obtained using a B-mode video; these values were then used to calibrate the raw data from the conductance catheter. Pressure-volume relations were analyzed using cardiac pressure-volume analysis software (PVAN 3.0; Millar). Pulse pressure was calculated as the difference between maximum and minimum aortic pressures. Augmentation index (AIx), a measure of arterial stiffness, was calculated as the height of the reflected aortic pressure wave as a percentage of pulse pressure using customized software (SphygmoCor 8.0; AtCor Medical, Sydney, Australia).
Immunohistochemistry. To determine myocyte cross-sectional area, horizontal short-axis sections through the mid-LV were Formalin fixed and then immersed in 25% sucrose, embedded in optimum cutting temperature (OCT) compound, frozen in methylbutane over liquid nitrogen, sectioned at 5 m, and probed for laminin (Abcam, Cambridge, MA). Images of tissue in cross-sectional orientation from the anterior, posterior, and free walls of the LV endocardium were acquired (40ϫ objective), total field size was measured, and myocytes were counted within the field to determine average area. Myocyte apoptosis was examined using terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL; Promega, Madison, WI) as per the manufacturer's instructions. Positive controls were generated using DNase I (Invitrogen, Carlsbad, CA), and negative controls used DNase I without the rTDT enzyme. All data were analyzed using epifluorescence microscopy and digital image analysis software.
Collagen and lipofuscin analyses. Horizontal short-axis sections through the mid-LV were Formalin fixed, paraffin embedded, sectioned at 5-m thickness, and stained with Picric Acid Sirius Red F3BA or Armed Forces Institute of Pathology stains for collagen and lipofuscin, respectively. Myocardial interstitial collagen and lipofuscin volume percentage (including both interstitial and small vessel perivascular regions) were quantitatively evaluated with light microscopy (20ϫ objective) using a 540 nm (green) filter and digital image analysis software in 20 fields containing cardiomyocytes in a longitudinal orientation within the LV midwall.
Oil red O staining. For examination of intracellular lipid accumulation in cardiomyocytes, horizontal short-axis sections through the mid-LV were Formalin fixed and then immersed in 25% sucrose, embedded in OCT compound, frozen in methylbutane over liquid nitrogen, sectioned at 5 m, and stained with oil red O and counterstained with hematoxylin-eosin. Representative images of tissue in cross-sectional orientation from the LV midwall were acquired with light microscopy (40ϫ objective) using digital image analysis software.
Statistical analysis. A two-way ANOVA was used to determine differences between groups for all variables except the insulin tolerance test (kITT), for which a one-way ANOVA was utilized; Tukey's post hoc analysis was used where appropriate. Data that were not normally distributed and/or of unequal variance underwent either log or rank transformations, and the subsequent analyses were performed on the transformed data. Differences between diets in the response to STZ treatment were evaluated using the 2 -test. Partial correlation analyses were used to determine interactions between measures of cardiac function. Values are presented as means Ϯ SE, and significance was established at P Ͻ 0.05.
RESULTS
Biochemical parameters. STZ was administered after 2 wk of dietary intervention. The number of animals that exhibited a significant increase in blood glucose following STZ was higher in HF (8/9) and Wes (9/10) compared with Con (6/10); however, these differences in response rates did not achieve statistical significance ( 2 ϭ 3.47; P ϭ 0.176). The data shown in the remainder of results are presented only from those animals that responded to STZ.
Blood glucose following STZ treatment peaked 1 wk after the administration, and this response was enhanced in Con ϩ Dia and Wes ϩ Dia compared with HF ϩ Dia (P Ͻ 0.05; Fig. 1 ) groups. Elevated blood glucose levels in diabetic animals reached a plateau ϳ5 wk following STZ and remained significantly higher compared with Veh-treated groups at all time points (P Ͻ 0.05; Fig. 1) ; the higher level in Con ϩ Dia and Wes ϩ Dia groups compared with the HF ϩ Dia group remained sustained over the course of the protocol (P Ͻ 0.05). At euthanization, 12 wk after STZ treatment, hyperglycemia was significantly higher in Con ϩ Dia and Wes ϩ Dia groups compared with the HF ϩ Dia group (25 Ϯ 1, 25 Ϯ 2, and 15 Ϯ 1 mmol/l, respectively; P Ͻ 0.05; Fig. 2 ). In Veh-treated animals, glucose levels were higher in Wes ϩ Veh than in either Con ϩ Veh or HF ϩ Veh (7.5 Ϯ 0.8, 5.0 Ϯ 0.3, and 5.0 Ϯ 0.3 mmol/l, respectively; P Ͻ 0.05) groups. HbA1c was significantly elevated in all diabetic animals compared with Veh-treated controls (P Ͻ 0.05; Fig. 2 ); within the diabetic groups, HbA1c levels were significantly higher in the Con ϩ Dia compared with the HF ϩ Dia and Wes ϩ Dia groups. Insulin levels were reduced in diabetic animals to almost half that of Veh-treated controls on the same diet, but this difference was statistically significant only in Con ϩ Veh versus Con ϩ Dia animals due to the large variability in Veh-treated animals (Fig. 2) . The high variability in insulin levels in the nondiabetic animals may be a consequence of the measurements being performed in fed animals.
Since glucose levels were elevated in the Wes ϩ Veh group, ITTs were performed in all Veh-treated groups. We found significantly lower insulin sensitivity in the HF ϩ Veh group with a blunted blood glucose response during the ITT compared with the Con ϩ Veh group (Fig. 3) . Surprisingly, however, there was no significant difference in insulin sensitivity between the Wes ϩ Veh and Con ϩ Veh groups despite the higher baseline glucose level in the Wes ϩ Veh group.
As expected, pancreatic function was affected by STZ, but not diet, with decreased plasma amylase in all diabetic groups (P Ͻ 0.05; Table 1 ). Diabetic animals also showed evidence of liver dysfunction with increased plasma levels of alanine aminotransferase (P Ͻ 0.05). Diabetic rats had higher kidney weights and blood urea nitrogen (BUN) levels in the presence of lower creatinine levels, which is indicative of renal enlargement and hyperfiltration typically reported in the early stages of diabetes (6) .
We also measured XO activity to determine whether our model of type 2 diabetes was characterized by an increased level of superoxide production and found that XO activity was not affected by diet in Veh-treated animals but was significantly higher in Con ϩ Dia compared with nondiabetic controls (P Ͻ 0.05) and either the Wes ϩ Dia or HF ϩ Dia diets. A subsequent linear regression analysis revealed a significant interaction between BUN and XO activity (r ϭ 0.401; P Ͻ 0.05), suggesting an association between renal dysfunction and superoxide production.
Body weight. There were no differences in body weight between groups before the beginning of the dietary intervention or at the time of Veh or STZ treatments (data not shown). Following STZ treatment, diabetic animals exhibited a stunted growth pattern such that 12 wk after STZ all diabetic animals were significantly lighter and had shorter tibias than their Veh-treated, age-and diet-matched controls (Table 2 ). There were no significant differences in body weight between diabetic animals on different diets, whereas nondiabetic animals that received either the HF or Wes diets were ϳ15% heavier (P Ͻ 0.05) than those that received the Con diet.
LV morphology. We found no indication of gross cardiac hypertrophy as assessed by either heart or LV weight to tibia length. Indeed, when normalized to tibia length, LV weight was lower in all diabetic groups compared with their respective controls (Table 2) , and this was not accompanied by differences in posterior wall thickness (PWd) or myocyte cross-sectional area. Both heart and LV weights were higher in the Wes ϩ Dia group (P Ͻ 0.05) and appear to be the result of eccentric remodeling as evidenced by higher LV end-diastolic dimension and ratio of LV chamber to wall thickness (LVEDD/PWd) in the Wes ϩ Dia group (P Ͻ 0.05).
Veh-treated animals did not exhibit any changes in LV morphology although, surprisingly, the Wes ϩ Veh group had ϳ25% more interstitial collagen than both the HF ϩ Veh and Con ϩ Veh groups (P Ͻ 0.05; Table 2 ). Diabetes had no effect on collagen volume percentage. Intracellular lipid accumulation in cardiomyocytes, indicated by enhanced oil red O staining, was higher in HF ϩ Veh compared with either the Con ϩ Veh or Wes ϩ Veh groups (Fig. 4) ; lipid droplets were evident in all diabetic groups and were more pronounced in the HF ϩ Dia group. Lipofuscin content was analyzed in the LV midwall to determine the extent of cumulative oxidative stress and lipotoxicity (45) ; negligible levels of lipofuscin were found (0.01-0.02% of total area), and this was not different between groups (data not shown).
Contrary to recent reports (15, 17, 41), we did not find any apoptotic cardiomyocytes, regardless of treatment; however, we did detect Ͻ1 apoptotic cell/mm 2 , but these were typically capillary endothelial cells and this number was not different between groups (data not shown). We subsequently performed Western blot analysis of cleaved caspase-3 and found no difference between groups (data not shown), thus confirming our TUNEL data.
LV function and arterial compliance. Although heart rates were lower in the Con ϩ Dia and HF ϩ Dia groups (P Ͻ 0.05), mean arterial, pulse, and LV end-systolic and enddiastolic pressures were not affected by either diet or diabetes (Table 3) . It should be noted that although we used the lowest level of anesthesia possible, given the invasive nature of these experiments, it is likely that these parameters are lower than those observed in conscious animals. However, since the level of anesthesia was constant across all animals, this should not contribute to any differences between groups.
AIx, a measure of arterial stiffness, was significantly higher in HF ϩ Dia and Wes ϩ Dia groups (Fig. 5) , indicating that afterload was elevated through decreased vascular compliance in the absence of any change in arterial pressure. There was no evidence of arterial stiffness in the Con ϩ Dia group; indeed, AIx values were equivalent to that seen in Veh-treated groups.
Load-dependent systolic function, indicated by velocity of circumferential shortening corrected for heart rate (VCFr), was impaired in Wes ϩ Dia groups (P Ͻ 0.05; Fig. 5 ). There was a trend toward lower VCFr in the HF ϩ Dia group (P ϭ 0.065) compared with respective nondiabetic controls; however, there were no differences in the load-dependent maximal change in pressure over time (Table 3) . LVES␦ was also significantly elevated in the Wes ϩ Dia and HF ϩ Dia groups (P Ͻ 0.05), and there was a strong, negative association with VCFr (r ϭ 0.436; P Ͻ 0.05). Load-independent systolic function was also impaired with a trend toward lower LV end-systolic volume elastance in the HF ϩ Dia (P ϭ 0.079) and Wes ϩ Dia (P ϭ 0.082) compared with the HF ϩ Veh and Wes ϩ Veh groups, respectively.
In the absence of any change in LV end-diastolic pressure, end-diastolic wall stress was elevated in the HF ϩ Dia group (P Ͻ 0.05; Table 3 ) with a trend toward higher values in the Wes ϩ Dia group (P ϭ 0.089) compared with respective nondiabetic controls. There were no differences between groups in the load-dependent minimal change in pressure over time, but the time constant of isovolumic relaxation (), a preload-independent marker of active myocyte relaxation (47) , was elevated in all diabetic groups (P Ͻ 0.05; Fig. 5 and supplemental Fig. 1 ).
DISCUSSION
It is well established that diabetes increases the incidence of heart failure, and clinical and experimental data also suggest that this is a consequence, at least in part, to defects at the level of the myocardium. However, much of the experimental data examining the impact of diabetes on cardiac function has been based on severe, insulin-deficient, STZ-induced, diabetic models that are frequently associated with marked weight loss and dehydration or on genetic models of type 2 diabetes where other nondiabetic-related pathologies may contribute to alterations in cardiovascular function. This highlights the need for reproducible, cost-effective models of diabetes that more closely mimic the disease progression in humans, particularly with regard to the presence of cardiovascular abnormalities such as large artery stiffness and LV dysfunction. We report here, for the first time, that the combination of a HF (60%) diet with a low to moderate dose of STZ (2 ϫ 35 mg/kg ip) elicited a stable, modest level of hyperglycemia (14 mmol/l glucose, 6% HbA1c) and lower insulin levels in young Sprague-Dawley rats that was associated with cardiac dysfunction and arterial stiffness; these findings are comparable with characteristics observed in the moderate-advanced stages of human type 2 diabetes (3, 4, 13, 25). It is noteworthy that, in contrast with more severe rodent models of diabetes (23, 31, 54), we did not see any changes in ejection fraction, LV end-systolic pressure, or LV end-diastolic pressure; this supports the notion that this model recapitulates the cardiovascular dysfunction characteristic of that seen in patients with type 2 diabetes without additional complications. Surprisingly, we found that rats on the HF diet exhibited a blunted glucose response following STZ treatment compared with STZ-treated animals that received either the Con or Wes diets; indeed, glucose levels in Con and Wes diet-fed animals were similar to those seen in recent studies using high doses of STZ to induce a type 1 diabetic phenotype (18, 24) . The different responses to STZ in these groups could be a consequence of decreased sensitivity of pancreatic ␤-cells in the HF group to STZ. Future studies examining the effect of HF and Wes diet on pancreatic ␤-cell function before and after STZ treatment may provide some additional insight into the differences seen here. Interestingly, although we observed LV diastolic dysfunction in all diabetic groups, arterial stiffness and systolic abnormalities were present only in diabetic animals that received either the HF or Wes diets. These results suggest that the combination of hyperglycemia and elevated dietary fat is more detrimental to cardiovascular function than either intervention alone.
The initial goal of this study was to develop a model of diabetes that exhibited similar cardiac dysfunction to that seen in patients with type 2 diabetes. We based our protocol on the findings of several previous studies that reported a type 2 diabetic phenotype with the combination of a HF diet and low dose of STZ (20, 26, 37, 44, 55) . These studies varied in dietary composition; therefore, we compared two different diets: a HF (60%) diet and a Wes diet that combined moderately HF with high carbohydrate (40% fat, 45% carbohydrate). In these earlier studies there was also no consistency in the dose of STZ; therefore, in preliminary studies we examined 35, 45, and 55 mg/kg doses of STZ. We found that a single 35 mg/kg dose of STZ had no effect on blood glucose in any diet group even up to 3 mo posttreatment. In contrast, 45 and 55 mg/kg STZ produced severe hyperglycemia that was more indicative of the uncontrolled severe insulin-deficient diabetes usually found with STZ treatment. We found that two 35 mg/kg ip doses of STZ separated by 24 h resulted in a reproducible increase in blood glucose that was stable for at least 12 wk.
The majority of the previous studies that utilized the HF/low dose STZ model reported little or no effect of STZ in animals that consumed normal rat chow. In contrast, however, we found that 60% of our Con-fed, STZ-treated rats developed marked hyperglycemia, and although this was lower than the 90% response in the STZ-treated HF and Wes diet-fed groups, this difference in response rate did not achieve statistical significance. Surprisingly, in those animals that exhibited a response to STZ, the extent of hyperglycemia was significantly attenuated in the HF group compared with either Con or Wes diet-fed rats despite comparable plasma insulin levels. This difference was significant 3 wk after STZ treatment and was sustained for the remainder of the study. At euthanization, the lower HbA1c levels in the HF ϩ Dia group, compared with the Con ϩ Dia group, were consistent with a sustained lower level of hyperglycemia. The modest increases in glucose and HbA1c and concomitant decreases in insulin and body weight in the HF ϩ Dia group suggest a level of diabetes analogous to either undiagnosed or poorly controlled human type 2 diabetes. The factors contributing to the differential response of the HF and Wes diet-fed animals to STZ remain to be determined. The protein levels were moderately lower in the Wes diet (15.3% vs.
18.6%); however, in the Con diet protein levels were identical to the HF diet, whereas the response to STZ was similar to the Wes diet. One of the major differences between the HF and Wes diets was the level of sucrose, which was approximately fivefold higher in the Wes diet (6% vs. 31%), which may be an important contributing factor to the increased sensitivity to STZ. We did not record food intake during this study although Values are means Ϯ SE. MAP, mean arterial pressure; LVEDP, LV end-diastolic pressure; LVESP, LV end-systolic pressure; FS, fractional shortening; LVED, LV end-diastolic wall stress; dP/dtmax and dP/dtmin, maximal and minimal change in pressure over time, respectively; Ees, end-systolic volume elastance; Emax, maximal elastance. *P Ͻ 0.05 vs. respective Veh treatment; †P Ͻ 0.05 vs. HF ϩ Veh; ‡P Ͻ 0.05 vs. HF ϩ Dia.
we did not subjectively observe any differences in consumption between the three dietary groups. Due to the large variation in carbohydrate and fat content, the diets were not isocaloric and differences in energy intake may have contributed to the responses observed; however, we do not believe that the enhanced response to STZ with the Wes diet can be attributed to increased caloric intake alone since the HF diet was more energy dense than the Wes diet.
As expected, after 12 wk of diabetes all diabetic groups exhibited diastolic dysfunction compared with their nondiabetic control groups, as indicated by significant increases in the time constant of relaxation, (Fig. 5B) . Interestingly, however, even though serum glucose was at a lower level in the HF ϩ Dia compared with the Con ϩ Dia groups, evidence of LV systolic abnormalities such as LVES␦ and arterial stiffness as indicated by increased AIx (Fig. 5A) was present in the HF ϩ Dia but not the Con ϩ Dia group. We also found that systolic dysfunction in the Wes ϩ Dia group was impaired to a similar extent as the HF ϩ Dia group despite evidence of eccentric remodeling and higher serum glucose levels in the Wes ϩ Dia group. In the absence of diabetes we found no significant functional alterations in systolic function between groups. Blood glucose levels were not different in the HF ϩ Veh compared with the Con ϩ Veh group; however, there was a significant decrease in insulin sensitivity (Fig. 3) . Conversely, in the Wes ϩ Veh group blood glucose levels were significantly increased compared with the Con ϩ Veh group (7.5 Ϯ 0.8 vs. 5.0 Ϯ 0.3 mmol/l, respectively; P Ͻ 0.05), but insulin sensitivity was not affected (Fig. 3) . We assessed insulin sensitivity using an ITT, and additional examination of glucose tolerance may have provided additional useful information between dietary treatment groups. Thus both HF and Wes diets alone had modest but variable effects on metabolic status; however, none of these alterations provides an obvious explanation for the LV functional abnormalities seen in their respective diabetic groups. The mechanisms underlying the effects of Wes on blood glucose and the pancreatic response to STZ were not determined in this study, and we are currently investigating these findings in our laboratory. We postulate that the combination of high dietary fat and increased sucrose levels in Wes causes endoplasmic reticulum (ER) and/or oxidative stress in ␤-cells, thus increasing the sensitivity of the pancreas to STZ and aging. Surprisingly, we found that LV dysfunction and arterial stiffness was more pronounced in the HF ϩ Dia than the Con ϩ Dia group despite lower level of hyperglycemia. Furthermore, it is also noteworthy that cardiovascular dysfunction was not exacerbated in the Wes ϩ Dia compared with the HF ϩ Dia group despite increased hyperglycemia. These data suggest that diets high in fat appear to exacerbate the adverse effects of hyperglycemia on endothelial and cardiovascular function. Cardiomyocyte lipid accumulation was evident in all diabetic animals but did not appear to be substantially different between diets. Unfortunately, measurements of plasma levels of fatty acids were not determined; thus we cannot ascertain whether the increase in lipid accumulation parallel changes in circulating lipid levels or if differences in plasma lipids could contribute to the dissociation between the level hyperglycemia and the degree of cardiac dysfunction.
Thus our data demonstrate dissociation between the level of blood glucose and the development of cardiac dysfunction, suggesting that factors other than hyperglycemia contribute to impaired cardiac function in vivo. Previous studies suggest that high dietary fat causes LV mitochondrial damage, impaired calcium handling (38) , ER stress (43) , and altered substrate utilization (11, 51) . Since these factors are also known to occur with hyperglycemia and diabetes (9), we propose that the combination of hyperglycemia and high dietary fat results in a substrate overload that causes excessive upregulation of these pathologies that is more deleterious to LV function than either intervention alone.
Type 2 diabetes is often associated with endothelial dysfunction and arterial stiffness, and both are independent predictors of adverse cardiovascular outcomes that result in or contribute to secondary complications of diabetes (8, 29, 52) . The underlying cause of arterial stiffness is likely to include factors such as the formation of advanced glycation end-products, dyslipidemia, autonomic nerve dysfunction, and oxidative stress (52) . Although arterial stiffness was elevated in HF ϩ Dia and Wes ϩ Dia groups, plasma XO activity was only increased in the Con ϩ Dia group. While this suggests that oxidative stress may not be a contributing factor to arterial stiffness in these models, XO activity is a specific indicator of superoxide production, and we cannot rule out the possibility that increases in lipid peroxidation, protein oxidation, or other free radicals may play a role in the endothelial dysfunction observed in this study.
It is often reported that diabetes is associated with cardiac hypertrophy (13, 16, 17) ; however, in contrast, we found that LV weight relative to tibia length was actually lower in all three diabetic groups compared with age-matched, nondiabetic controls (Table 2) . Body weight was also lower in all diabetic animals compared with age-matched controls; however, this was a result of attenuated growth rather than weight loss and is consistent with previous studies of STZ-induced diabetes in young rats and mice (22, 26, 30, 35, 44) . Decreased body weight has been reported in adult (3 to 4 mo) rat models of fat-fed, STZ-induced diabetes (20, 55) , which is consistent with clinical studies that demonstrate unintentional weight loss in patients with poor glucose control (19, 21, 50) . We also found no differences in LV wall thickness or myocyte crosssectional area, demonstrating a lack of hypertrophy also at the cardiomyocyte level. It should be noted that studies examining cardiomyocyte size in diabetic animals have elicited equivocal findings (31, 40) , whereas cardiomyocytes isolated from patients with and without diabetes were found to be of similar sizes (27) . Thus, taken together, these data suggest that diabetes alone does not lead to cardiac hypertrophy. The discrepancy with other experimental studies may be due, at least in part, to the frequent use of body weight for normalization of heart or LV weight rather than skeletal size, indicated by tibia length (5, 53) , and suggests that the reports of cardiac hypertrophy in patients with diabetes may be a consequence of other frequent comorbidities such as hypertension.
A number of human and animal studies (15, 17, 20, 42) have reported that diabetes leads to an increase in cardiomyocyte apoptosis; however, we found no evidence of increased apoptosis in any of our diabetic groups. The number of apoptotic cardiomyocytes at any one time may be very small, and thus the absence of apoptosis seen after 12 wk of diabetes does not mean that myocyte loss might not have occurred at an earlier time point. Indeed, Fiordaliso et al. (15) reported highest levels of cardiomyocyte apoptosis 3 days following STZ treatment, which significantly decreased 28 days following STZ. This suggests that STZ treatment may lead to an acute increase in apoptosis, possibly due to the sudden onset of metabolic dysfunction, or perhaps as a direct consequence of STZ toxicity, but that a sustained period of hyperglycemia does not contribute to further apoptosis. We cannot rule out the possibility that there might have been an early increase in apoptosis shortly following STZ treatment in this study; however, the fact that there was no evidence of replacement fibrosis in any diabetic groups would suggest that this was not the case. It is important to note that although we did not observe an increase in apoptosis with diabetes alone, this does not preclude the possibility that diabetes may increase the susceptibility of cardiomyocytes to apoptosis in response to another stress such as hypertension or infarction. Indeed, the increase in apoptosis reported in patients with diabetes could be due to additional factors including age and overt heart failure (17) .
One limitation of this study is that the level of diabetes we have described and the associated complications may be specific to the strain of rat since subtle differences are known to exist between the Sprague-Dawley rat and other popular strains (33) . It is also important to note that STZ causes an abrupt onset of diabetes rather than the insidious onset seen in humans following a period of insulin resistance. We did find decreased insulin sensitivity in the HF ϩ Veh group, but not the Wes ϩ Veh group, after 2 wk of feeding (data not shown) that was still evident at 14 wk (Fig. 3) ; thus we are confident that ingestion of a HF (60%) diet results in insulin resistance. However, the duration of insulin resistance before STZ treatment was clearly relatively short, and there is evidence to suggest that insulin resistance initiates pathways that are subsequently exacerbated by diabetes and may contribute to cardiac dysfunction (36, 48) .
Another potential limitation is that diabetes was induced in relatively young (6 wk) rats, and although this is a common age for such studies, this represents a juvenile rather than adult animal. On the other hand, given the increasing incidence of obesity, insulin resistance, and type 2 diabetes in children (32) , studies of diabetes in younger animals are likely to be increasingly relevant. Although the majority of diagnosed cases of juvenile type 2 diabetes occur in obese patients, recent evidence suggests that type 2 diabetes is also evident in nonobese children (34) . Thus, although obesity may not precede development of diabetes in our model, it is clear that type 2 diabetes is a disease of polygenic onset, of which obesity is only one characteristic. It is also worth noting that popular rodent models of type 2 diabetes, such as the GK (2) and ZDF (18, 28) rats, also do not exhibit obesity before or following the development of diabetes.
It should also be noted that the diabetic animals in this study exhibited growth retardation following the induction of diabetes, which is not commonly seen in children with diabetes due to early diagnosis and subsequent glucose control. However, we do not believe that slower growth resulted in the cardiovascular pathologies reported since the major functional variables used in this study, such as AIx, wall stress, , and VCFr, are independent of body size and we typically find no differences in these indexes between rats of different sizes. Although we have demonstrated cardiac, liver, and kidney dysfunction in our diabetic model, alterations in normal growth patterns may have resulted in other pathologies that are independent of diabetes per se and therefore not representative of the human disease progression. One important advantage of the type of diabetic model described here, combining dietary manipulation with a low to moderate dose of STZ, is that the interactions of age and the duration of insulin resistance before the onset of diabetes on the development cardiac dysfunction can be more readily investigated than in more commonly used genetic models of diabetes such as ZDF rats and db/db mice, although it is unclear whether the moderate level of hyperglycemia and subsequent cardiac dysfunction would be apparent if this protocol were applied to older animals.
In conclusion, we have shown that the combination of a HF (60%) diet combined with a moderate dose of STZ elicits a moderate level of hyperglycemia, cardiac dysfunction, and arterial stiffness comparable with that observed in patients with type 2 diabetes. Consumption of a Wes diet resulted in a more severe hyperglycemia but a similar level of cardiac and arterial dysfunction to HF-fed animals. In contrast with many other studies, we did not find any evidence of cardiomyocyte apoptosis or hypertrophy, suggesting that these may be a consequence of more severe and longer periods of diabetes or secondary to additional pathologies such as hypertension, infarction, or heart failure. The fact that LV dysfunction and arterial stiffness was more pronounced in the HF ϩ Dia than the Con ϩ Dia group despite a lower level of hyperglycemia suggests that diets high in fat appear to exacerbate the adverse effects of hyperglycemia on endothelial and cardiovascular function. Finally, this study suggests that using protocols similar to those described here may represent valuable new models for study of the complex interactions between diet and diabetes on cardiovascular function that avoid the problems inherent in many commercially available genetic rodent models of type 2 diabetes.
